Abstract-In mobile-to-mobile (M2M) communication systems, both the transmitter and the receiver are moving with a certain velocity, which is usually assumed to be constant over time. However, in realistic propagation scenarios, the velocity of the mobile stations (MSs) is subject to changes resulting in a non-stationary fading process. In this paper, we develop a non-stationary narrow-band M2M multipath fading channel model, where the transmitter and the receiver experience changes in their velocities and trajectories. For this model, we derive expressions for the local autocorrelation function (ACF), the Wigner-Ville spectrum, the local average Doppler shift, and the local Doppler spread under isotropic scattering conditions. In addition, we investigate the correlation properties of the proposed model assuming non-isotropic scattering around the MSs. By relaxing the standard assumption of constant velocities of the MSs, this paper shows that the local ACF and the Wigner-Ville spectrum differ completely from known expressions derived for wide-sense stationary M2M channel models. Furthermore, it is shown that our model provides consistent results with respect to the Doppler spread. The proposed channel model is useful for the performance analysis of M2M communication systems under non-stationary conditions caused by velocity variations of the MSs.
base stations. For the development, analysis, and optimization of M2M communication systems, adequate channel models are required.
A recurrent assumption in channel modelling is to characterize the velocity of the MSs as constant quantities seeking to obtain a channel model that fulfills the wide-sense stationary (WSS) condition over short observation intervals. Studies of a variety of WSS channel models and their statistical properties can be found in [5] and [6] , and the references therein. However, under real-world propagation conditions, the mobile radio channel is in general non-stationary [7] , [8] .
In fact, non-stationarity can be a result of moving scatterers as described in [9] and [10] , where the transmitter and the receiver are assumed to be fixed but the scatterers are allowed to move. Furthermore, velocity changes of the MS could cause the channel statistics to be non-stationary. Yet, only a few studies uncover the effect of velocity variations of MSs. Dealing with this issue, a mobile communication scenario in which the transmitter is stationary while the receiver is moving with varying speed but constant angle of motion, which corresponds to a linear trajectory, has been considered in [11] . To account for the effect of changes in both speed and angle of motion of the MS, a fix-to-mobile (F2M) multipath fading channel model incorporating the effect of velocity variations has been presented in [12] .
In this paper, we extend the work of [12] by modelling nonstationary M2M fading channels, where both the transmitter and the receiver may experience changes in their velocities over time. For that purpose, a two-dimensional (2D) reference model for narrowband single-input single-output (SISO) M2M channels has been derived based on the geometrical tworing scattering model. Time-frequency analysis techniques are utilized as a mathematical framework for studying the statistical behavior of the proposed non-stationary M2M channel model. A review of time-frequency analysis techniques can be found in [13] , [14] , and [15] . In this contribution, we deal with the Wigner-Ville distribution, which is one of the most common quadratic time-frequency representations, as it satisfies many desirable properties, including the marginal and total energy properties [13] . By utilizing time-frequency analysis techniques, we provide a closed-form expression for the local autocorrelation function (ACF), from which we derive the corresponding local power spectral density (PSD), the local average Doppler shift, and the local Doppler spread. It is shown that variations in the speed and the angle of 1536-1276 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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motion of the MSs have a significant impact on the statistics of the channel. Thus, the proposed channel model will be useful for the characterization and analysis of M2M communication systems operating in non-stationary propagation conditions. Although, the focus of this work is on the analysis of SISO channels, the extension to non-stationary multiple-input multiple-output (MIMO) channels is straightforward, since the temporal local ACF is the same for all sub-channels and the spatial cross-correlation function is not influenced by the assumed scattering conditions [16] . Another insight of this paper is related to the physical inconsistency problem with respect to the Doppler spread encountered in [12] , where it has been observed that the Doppler spread derived from the local ACF exceeds physically reasonable values if the MS changes its velocity. This inconsistency problem arises in non-stationary channels if an inappropriate relationship is used between the instantaneous channel phase and the instantaneous angular frequency. It is shown that the Doppler spread-inconsistency problem can be solved by defining the angular frequency as the rate of change of the argument of the complex channel gain. For stationary processes, where the transmitter and the receiver are moving with constant velocities, the angular frequency of each propagation path is constant and proportional to the corresponding time invariant Doppler shift. However, if the MSs are moving with varying velocities, then the angular frequency is time dependent and referred to as the instantaneous angular frequency. The concept of instantaneous angular frequency [17] is of significant practical importance for nonstationary signals. Nevertheless, the application of the concept of angular frequency to non-stationary mobile radio channels has not been evident and was the source of misunderstandings and confusions. For instance, when dealing with nonstationary mobile radio channels, the correct relation between the instantaneous frequency and the total phase changes has not been taken into account in many studies, e.g., [1] , [11] , [12] , [18] , [19] , where the constant Doppler shifts have simply been substituted by time-varying Doppler shifts. However, this procedure leads to a physical inconsistency with respect to the Doppler spread [12] . In this paper, we resolve the inconsistency problem by taking profit of the concept of instantaneous frequency. From this perspective alone, the paper contributes to a better physical understanding of M2M channels subject to velocity variations.
Aside from the non-stationarity aspect, realistic M2M fading channels exhibit in general non-isotropic scattering which results in an asymmetric Doppler PSD. While the modelling of stationary M2M channels under non-isotropic scattering conditions has extensively been studied in the literature [20] [21] [22] , there are only few studies devoted to the statistical characterization of M2M channels taking into account the joint effect of non-stationarity and non-isotropic scattering. For instance, Chelli and Pätzold [23] have investigated the statistical properties of a non-stationary M2M channel model with time dependent angles of departure (AODs) and angles of arrival (AOAs) under non-isotropic scattering conditions based on the geometrical T-junction model. In [24] , a non-stationary non-isotropic F2M channel model has been analysed under the assumption that the MS follows a semi-random movement which has been modelled by a Brownian motion process with drift. It is worth mentioning that the study reported in [25] has demonstrated that the non-stationarity assumption contradicts the commonly made assumption of isotropic scattering. Therefore, the modelling of more realistic M2M channels calls for a combination of non-stationarity aspects and non-isotropic scattering effects. In this regard, we investigate the correlation properties of the proposed non-stationary M2M channel model under nonisotropic scattering conditions, where the versatile von Mises distribution [26] is considered for modelling the AODs and AOAs. We provide a closed-form expression for the local ACF that reveals both the effect of velocity variations of the MSs and the impact of non-isotropic scattering. The obtained expression includes both the local ACF derived under the assumption of isotropic scattering and the ACF of WSS double Rayleigh M2M channels as special cases.
The rest of this paper is organized as follows. In Section II, we derive the non-stationary M2M channel model starting from an extended version of the geometrical two-ring scattering model. In Section III, we study the effect of velocity variations of the MSs on the statistical properties of the proposed channel model under isotropic scattering conditions. The extension of the analysis to non-isotropic scattering is the topic of Section IV. Numerical results for specific propagation scenarios are presented in Section V. Finally, the conclusions are drawn in Section VI.
II. THE NON-STATIONARY M2M CHANNEL MODEL
We consider a narrowband M2M multipath fading channel model, where the transmitter and the receiver are moving with varying velocities. Both terminals are equipped with omnidirectional antennas. They are supposed to be surrounded by a large number of scatterers located on two rings centred on the MSs. We start our analysis by describing first the geometrical two-ring scattering model that serves as a starting point for the derivation of the reference channel model.
A. The Geometrical Two-Ring Scattering Model
We consider a geometrical two-ring scattering model as illustrated in Fig. 1 . This model includes a mobile transmitter T x and a mobile receiver R x with two statistically independent groups of effective scatterers S T m (m = 1, 2, ..., M) and S R n (n = 1, 2, ..., N) around each terminal, where M and N denote the number of scatterers around the transmitter T x and the receiver R x , respectively. The two-ring scattering model is based on the assumption that the local scatterers are randomly placed on two separate rings with radii R T and R R . The rings of the scatterers are also assumed to be centred on the positions of the transmitter T x and the receiver R x . Under narrowband conditions, these assumptions could be fulfilled by using rings of effective scatterers instead of real local scatterers around T x and R x . Therefore, the radii R T and R R are supposed to be identical for each reflection caused by the effective scatterers S T m and S R n , respectively. The two rings of the scatterers are assumed to be fixed over the observation period T 0 and separated by a relatively large distance D compared to the radii R T and R R , i.e., max{R T , R R } D. In addition, we assume that the transmitter T x and the receiver R x are moving during the observation period T 0 with varying velocities inside the inner rings of radii R 0 such that min{R T , R R } R 0 . Under this assumption, the inner rings of radii R 0 restrict the mobility range of the transmitter and the receiver, such that the AODs α T m and the AOAs α R n are time invariant and can be considered as independent random variables. The hypothetical inner rings of radii R 0 have been introduced to limit the mobility range of the MSs during the observation period. Furthermore, by taking into account that the rings of scatterers are assumed to be fixed, the distance D between their corresponding centres does not change over the time, i.e., D is constant for t ∈ [0, T 0 ]. In addition, we consider a double interaction between the scatterers around the transmitter and the receiver under nonline-of-sight (NLOS) conditions. That is, the plane waves emitted from the transmitter T x are first captured by the scatterers S T m and then reach the scatterers S R n before arriving at the receiver R x . According to the studies in [27] and [28] , the double interaction with interfering objects is prevalent in highway and urban environments, where the MSs are assumed to be surrounded by a large number of fixed scatterers. Even though in reality the scatterers are not arranged around the Tx and the Rx in regular-shaped geometries, the two-ring scattering model provides an abstraction of the propagation environment that has been shown to be suitable for the modelling of non-stationary M2M radio channels [7] . The novelty of the proposed model in comparison to the stationary M2M channel model arises from the incorporation of the effect of velocity variations of the MSs. Indeed, the transmitter T x and the receiver R x are moving with varying velocities determined by the speeds v T (t), v R (t) and the angles of motion α T v (t), α R v (t), respectively. As a consequence of the velocity variations of the MSs, the resulting Doppler shifts are time dependent, as described in the next subsection.
B. Analysis of the Doppler Effect
Recall that the velocity is defined as a vector that represents the rate of change of the position of the MS with respect to time. With the speed v i (t) and the angle of motion α i v (t), we can present the velocity v i (t) of the transmitter (i = T ) and the
If there is any change in speed and/or direction, then the MS changes its velocity. The Taylor series expansions of the time variant speed v i (t) and angle of motion α i v (t) can be represented at t = t 0 as
By setting t 0 = 0 and using the first two terms of the Taylor series in (1) and (2), v i (t) and α i v (t) can be expressed as
where
are constants denoting, respectively, the initial speed and the initial angle of motion at time t 0 = 0. The symbols a i 0 = dv i (t)/dt| t 0 =0 and
denote constants representing the speed acceleration and the angular speed, respectively. A novel feature of our work is that each MS can change its speed and direction over time by introducing the speed acceleration a i 0 and the angular speed b i 0 parameters, respectively. It is important to mention that the velocity model described by (3) and (4) is not generally valid and may not adequately capture specific mobility characteristics. Nevertheless, this model is useful to describe the velocity changes in micro-scale mobility scenarios limited by circles of relatively small radii R 0 R T , R R . Accordingly, the corresponding non-stationary M2M channel model with interactions between interfering objects is recommended for the modelling of some special vehicular communication scenarios, where the vehicles are surrounded by a large number of local scatterers. In such propagation scenarios, the vehicles can move with time variant velocities under the assumption of NLOS propagation conditions, which are typical for dense urban areas. Furthermore, the time variant velocity vector v i (t) includes several trajectories as special cases. 
where f i
The total Doppler shifts f mn (t) can be presented as a sum of the Doppler shifts f T m (t) and f R n (t) caused by the motion of the transmitter and the receiver, respectively, i.e.,
for m = 1, 2, ..., M and n = 1, 2, ..., N, where
and
As a consequence of the time variant velocities of the MSs and of the random behavior of α T m and α R n , it follows that the total Doppler shifts f mn (t) are stochastic processes. This is in contrast to the conventional case in which the Doppler shifts are treated as random variables. In the next subsection, we investigate the statistical properties of the time variant Doppler shifts.
C. Statistical Properties of the Doppler Shifts
Under isotropic scattering conditions, it can be shown that the probability density functions (PDFs) of the time variant Doppler shifts f T m (t) and f R n (t) can be expressed as
respectively. For the special case in which an MS moves with constant speed
Thus, the PDF of each Doppler shift is equal to the Clarke distribution [29] . By assuming double interactions between the transmitter and the receiver scatterers under isotropic scattering conditions, the AOD α T m and the AOA α R n are independent and identically distributed (i.i.d.) random variables characterized by a uniform distribution over 0 to 2π. As a consequence, the two partial Doppler shifts f T m (t) and f R n (t) are also statistically independent for any value of m and n = m. Hence, the PDF of the sum in (6), representing the distribution of the total Doppler shift f mn (t), can be computed as follows
where the symbol * denotes the convolution operator. Substituting (9) and (10) in (11), and using [30, eq. (3.147-5) ], allows us to write the time dependent PDF of f mn (t) as
where 
whereψ f mn (τ ; t) = dψ f mn (τ ; t)/dτ . Substituting (13) in (14) gives
Similarly, the time variant Doppler spread B (2) f mn (t), defined as the square root of the second moment of p f mn ( f ; t), can be expressed by means of the characteristic function ψ f mn (τ, t) as
Thus, substituting (13) in (16) leads to
We notice that the Doppler spread of the stationary M2M model is included in the time variant Doppler spread presented in (17) as a special case if the speed accelerations a T 0 and a R 0 are equal to zero. In this case, we obtain B
Furthermore, it should be noticed that, under isotropic scattering conditions, the distribution of the Doppler shifts in (12) depends on the maximum Doppler frequencies f T max (t) and f R max (t) caused by the motion of the transmitter and the receiver, respectively, but not on the corresponding angles of motion α T v (t) and α R v (t). This explains why the characteristic quantities B
of the non-stationary model are independent of the angles of motion α T v (t) and α R v (t). Based on the above analysis, we present the reference model in the next subsection.
D. The Reference Model
Starting from the proposed geometrical model, we derive an analytical model which will be referred to as the reference model. This model is described by an ideal nonwide-sense stationary (NWSS) complex Gaussian process and aims to reproduce the channel characteristics observed in real-world propagation scenarios. The derivation of the reference model is of central importance, as it provides a theoretical framework for the performance analysis of mobile communication systems. Furthermore, based on the theoretical reference model, a realizable simulation model can be derived by applying the principle of deterministic channel modelling [6, pp. 101] . In mobile radio communications, the validation of the reference model and the corresponding simulation model should be performed by means of real-world measurement results. In what follows, we derive the reference model for the proposed non-stationary M2M channel. Independently of the position of the transmitter T x and the receiver R x , we assume double interactions between interfering objects caused by circularly distributed local scatterers on fixed rings centred on T x and R x . Under this assumption, the complex channel gain μ(t) = μ I (t) + j μ Q (t), describing the M2M channel model in the complex baseband, can be derived from the geometrical two-ring model shown in Fig. 1 to yield
where k 0 = 2π/λ 0 is the free-space wave number and λ 0 denotes the wavelength. In (18) , c mn and θ mn stand for the joint gain and the joint phase shift, respectively. The joint phase shift θ mn can be expressed as θ mn = θ m + θ n (mod 2π), where θ m and θ n are supposed to be i.i.d. random variables, each of which is uniformly distributed over the interval [0, 2π). The phase shifts θ m and θ n are caused by the interaction of the transmitted plane waves with the scatterers S T m and S R n , respectively. The path gains c mn are also taken as i.i.d. random variables characterized by E c 2 mn = 2σ 2 0 /(M N), where E {·} stands for the expectation operator, and 2σ 2 0 is the mean power of the complex channel gain μ(t). The phase change k 0 D mn in (18) is determined by the total distance D mn that a plane wave travels from T x to R x via the scatterers S T m and S R n . By invoking the assumption R 0 R T , R R , the distances covered by the MSs during the observation period T 0 are relatively limited compared to the radii R T and R R . Therefore, the distances between the MSs and the scatterers can be approximated by the radii R T and R R . In this case, the phase component k 0 D mn can be written as
where d mn is the distance between the scatterers S T m and S R n (see Fig. 1 ). Since the rings of the scatterers are assumed to be fixed, the distance d mn is time independent. Recall that we have assumed that the transmitter T x and the receiver R x are allowed to move inside circles of radii R 0 with R T , R R R 0 , such that the lengths of the trajectories along which the MSs are travelling are small compared to the radii R T and R R . Thus, the distance d mn can be written as
Since the ring radii R T and R R are much smaller than the distance D, i.e., R T , R R D, we can profit from the approximation
Furthermore, the phase changes ν mn (t) in (18) are due to the motion of the transmitter T x and the receiver R x . For the proposed model, the channel is NWSS due to the velocity variations of the MSs which affect the phase changes ν mn (t). In order to determine the expression of ν mn (t), we apply the concept of the instantaneous frequency which was originally shown to be useful for the estimation and modelling of timevarying signals [17] . The instantaneous frequency given by the Doppler shift f mn (t) can be expressed as [17] f mn (t) = 1 2π
where φ mn (t) represents the total phase change of the complex channel gain μ (t), i.e., φ
According to (22) , φ mn (t) can be expressed as
By substituting the expression of the total Doppler shifts f mn (t) given by (6) in (23), the expression of the total phase change φ mn (t) is obtained as
From (24), we can gain insight into the influence of the speed acceleration a i 0 on the total phase change φ mn (t) through the parameterḟ i max , which is related to a 
In case that only the transmitter T x or the receiver R x is allowed to change its angle of motion over the time, i.e., b i 0 = 0 and b l 0 = 0 with {i, l} ∈ {T, R} and i = l, the instantaneous phase φ mn (t) can be obtained by calculating the limit b l 0 → 0 of (24) as
where the subscript q ∈ {m, n}. Finally, in (23)- (26), the first term represents the unknown initial phase φ mn (0) which can be identified as the time independent phase shifts of the complex channel gain μ (t) given by (18), i.e., φ mn (0) = θ mn − k 0 D mn , whereas the second term, being a function of time, represents the phase change ν mn (t) in (18) . Thus, by substituting (19) , (21), and (24) in (18), the complex channel gain μ(t) of the nonstationary M2M channel model can be expressed as in (27) , shown at the bottom of this page. It should be mentioned that 
III. STATISTICAL PROPERTIES OF THE REFERENCE MODEL ASSUMING ISOTROPIC SCATTERING
In this section, we investigate the statistical properties of the proposed non-stationary M2M channel model under isotropic scattering conditions. In fact, we will study the effect of velocity variations on the main characteristic quantities of the complex channel gain μ(t) given by (27) .
A. Mean Value and Variance
For the proposed non-stationary M2M channel model, the mean value of μ(t) equals
Using the relation E c 2 mn = 2σ 2 0 /M N, we can compute the variance σ 2 μ of μ(t) as follows
where Var {·} denotes the variance operator and (·) * denotes the complex conjugate operator. It is noteworthy that the mean value and the variance of the complex channel gain μ(t) are not influenced by the velocity variations of the MSs.
B. The Local ACF
The local ACF r μμ (τ, t) of the complex channel gain μ(t) is a function of the time difference τ and time t. In this paper, we consider the following definition of the local ACF proposed by Mark in [32] 
By taking into account the random characteristics of the gains c mn , the AODs α T m , the AOAs α R n , and the phases θ m and θ n , the local ACF r μμ (τ, t) has to be determined using statistical expectations. Therefore, by substituting (27) in (30) and applying the expectation operator to the random variables c mn , θ m , θ n , α T m , and α R n , an expression of the local ACF r μμ (τ, t) can be obtained. By using [30, eq. (3.937-2)], the local ACF r μμ (τ, t) can be expressed as
From (31), we notice that the maximum Doppler frequency f i max (t) influences the local correlation properties. However, under the assumed isotropic scattering conditions, the local ACF r μμ (τ, t) is dependent on the velocity parameters v 
expressed as 
C. The Wigner-Ville Spectrum
The Wigner-Ville distribution is defined as [13] 
By applying the expectation operator E {·} to both sides of (34) and using the local ACF r μμ (τ, t) in (31), we obtain the Wigner-Ville spectrum S μμ ( f, t) in the following form [34] 
Although the Wigner-Ville spectrum S μμ ( f, t) is the Fourier transform of the local ACF r μμ (τ, t) , it cannot be considered as a generalization of the PSD of stationary processes. Regarding the local ACF r μμ (τ, t) described by (31) and (32), the integral in (35) has to be solved numerically. However, if the MSs are moving with varying speed along a fixed direction, i.e., α i v (t) = α i 0 (b i 0 = 0), then we obtain the following closedform expression for the Wigner-Ville spectrum
Only in this case, the Doppler PSD S μμ ( f, t) is proportional to the PDF p f mn ( f ; t) presented in (12), i.e., S μμ ( f, t) = 2σ 2 0 p f mn ( f ; t), which is in accordance with the relation S μμ ( f ) = 2σ 2 0 p f mn ( f ) which is well known for stationary channel models.
D. Local Average Doppler Shift and Local Doppler Spread
In this subsection, we derive closed-form expressions for the local average Doppler shift B (1) μμ (t) and the local Doppler spread B (2) μμ (t) by means of the local ACF r μμ (τ, t) given by (31) . The local average Doppler shift B (1) μμ (t) is defined as
whereṙ μμ (0, t) is the derivative of the local ACF r μμ (τ, t) with respect to τ at τ = 0. For the isotropic scattering case, we obtain B (1) μμ (t) = 0 after substituting (31) in (37) . The local Doppler spread B (2) μμ (t) is defined as
By using (31), we can present the local Doppler spread B (2) μμ (t) in closed form as
Thus, (39) shows that the Doppler spread B (2) μμ (t) of the non-stationary stochastic process μ(t) is no longer constant but time dependent. Furthermore, we notice that the local Doppler spread B (t) . Therefore, by using the relationship between the instantaneous frequency and the instantaneous phase given in (23), we can solve the inconsistency problem of non-stationary channels with respect to the Doppler spread reported in [12] . In fact, for stationary processes, where the transmitter and the receiver are moving with constant velocities, the Doppler shift is time independent, i.e., f mn (t) = f mn , and the corresponding angular Doppler shift is given by 2π f mn t. The generalisation of the above relationship to non-stationary signals, by simply substituting f mn by the time variant Doppler shift f mn (t) in the angular Doppler shift expression as 2π f mn (t)t, has been considered in many studies, e.g., [1] , [11] , [12] , [18] , [19] . However, this assumption is considered erroneous as it results in higher values of the local Doppler spread than physically expected [12] . Furthermore, it has been shown in [12] that the local Doppler spread derived from the local ACF and the time variant Doppler spread obtained from the PDF of the Doppler shift are equal only in the stationary case, i.e., if the speed acceleration and the angular speed of the MS are equal to zero. It is worthwhile to mention that the angular Doppler shift given by 2π f mn (t)t has also been used in [1] which results in an inconsistent model in the sense that the time variant Doppler spread derived from the PDF p f mn ( f ; t) is unequal to the local Doppler spread derived from the local ACF or, alternatively, from the corresponding Wigner-Ville spectrum. In this paper, by taking profit from the concept of instantaneous frequency, we could resolve this problem and develop an accurate and Dopplerspread-consistent channel model that incorporates the effect of velocity variations of the MSs.
E. PDF of the Envelope
Recall that the AOD α T m and the AOA α R n in (7) and (8), respectively, are i.i.d. random variables with uniform distribution over 0 to 2π. Therefore, the Doppler shifts f mn (t) reduce to random variables at any fixed point in time t. Consequently, for fixed values of t, the complex channel gain μ (t) in (27) can be analysed in the same way as conventional stationary fading processes. According to the central limit theorem [35, p. 278] , the overall complex channel gain μ (t) in (27) can be described by the product of two zero-mean complex Gaussian processes μ 1 (t) and μ 2 (t) each with variance σ 2 0 . Hence, the envelope R(t) = |μ(t)| = |μ 1 (t)| |μ 2 (t)| is given by the product of two independent Rayleigh processes. In this case, the gains c mn are supposed to be Rayleigh distributed with parameter [36] . The analytical expression for the PDF of the double Rayleigh process R(t) is given by [37] 
where K 
(t).
The above analysis of non-stationary channels has been conducted under the assumption of isotropic scattering. In reality, however, it has been shown in many experimental studies that this assumption is usually not fulfilled [38] [39] [40] . In addition, it has been demonstrated in [25] that non-stationarity in time contradicts the isotropic scattering assumption. Motivated by these facts, we extend the above analysis in the next section to non-isotropic scattering.
IV. STATISTICAL PROPERTIES OF THE REFERENCE MODEL ASSUMING NON-ISOTROPIC SCATTERING
In this section, we specifically investigate the correlation properties of the non-stationary M2M channel model under non-isotropic scattering conditions. Towards this end, we employ the von Mises PDF [26] to describe the distributions of the AOD α T m and AOA α R n . In addition to its analytical tractability, the von Mises distribution is sufficiently versatile as it allows the approximation of the cardioid [41] , the wrapped Gaussian [41] , and the wrapped normal [42] distributions. The von Mises PDF is given by [26] 
where I 0 (·) is the zeroth-order modified Bessel function of the first kind [30, eq. (8.406.1) ]. In (41), the letter i ∈ {T, R} is used to refer to the transmitter (T) and the receiver (R), while the subscript q ∈ {m, n} is associated with the mth scatterer around the transmitter and the nth scatterer around the receiver.
The symbols ϕ T m and ϕ R n represent the mean values of the AOD α T m and the AOA α R n , respectively, whereas T and R control the angular spread of α T m and α R n , respectively. For the special case, if i = 0, the scattering is isotropic and the AOA α R n (AOD α T m ) is uniformly distributed with p α i q (α i q ) = 1/2π. It is known from [38] that non-isotropic scattering has no influence on the first-order statistics of the complex channel gain μ(t), but it affects considerably the correlation properties of the channel and, thus, the corresponding Doppler power spectrum. Accordingly, we derive the local ACF of the proposed nonstationary M2M fading channel under non-isotropic scattering conditions. For convenience, the reference model described by the complex channel gain μ(t) in (27) 
If, in addition, i is set to zero in (44), we obtain the ACF of the isotropic M2M channel model that has been presented in [33, eq. (35) ] in the form r μμ (τ ) = 2σ 2
τ . Finally, we consider the scenario where only one MS is moving with variations in both speed and angle of motion. In this case, either the transmitter or the receiver is allowed to change its direction, i.e., b i 0 = 0 for either i = T or i = R, whereas the direction of the other MS remains the same over the time, i.e., b l 0 = 0 for l = i . Thus, the local ACF r μμ (τ, t) is found to be given by the limit of (42) as b l 0 → 0, which gives (45), shown at the top of the next page. In (45), q ∈ {m, n}. The results above in (42) , (43) , and (45) show the impact of non-isotropic scattering on the local ACF r μμ (τ, t) . For completeness, we mention that the Wigner-Ville spectrum S μμ ( f, t) of the non-stationary M2M fading channels, where the AOD and the AOA are non-uniformly distributed according
to the von Mises distribution, can be obtained by inserting the local ACF r μμ (τ, t) given by (42) in (35) .
V. NUMERICAL RESULTS
In this section, we present some numerical examples to illustrate the obtained analytical results for different propagation scenarios. In each scenario, the MSs follow different trajectories according to their velocity changes. For all trajectories, we have set the initial velocity v In what follows, we study three different propagation scenarios based on a combination of the presented trajectories. The key parameters of these scenarios are summarized in Table. I. 
A. Scenario I
In Scenario I, we suppose that the transmitter T x is moving along Path I, whereas the mobile receiver R x takes the route along Path II. Under these assumptions, the plot of the local ACF r μμ (τ, t) presented in (31) is shown in Fig. 3 . Obviously, if the velocity of the transmitter MS increases with time t due to the acceleration, then the local ACF is decreasing over the time difference τ if t increases, meaning that the channel decorrelates faster with time. This finding is contradictory to the stationary case, where the correlation properties are independent of time and only a function of the time difference. This observation is also confirmed by Fig. 4 that depicts the behavior of the ACF r μμ (τ ) of the proposed non-stationary M2M channel at different time instants t. By substituting (31) in (35), we obtain the Wigner-Ville spectrum S μμ ( f, t) which is plotted in Fig. 5 . At the origin t = 0, we notice that the spectrum has the same shape as the spectrum of the corresponding stationary M2M fading channel model with a bandwidth given by 2 f T max 0 + f R max 0 [33] . In Fig. 6 , we plot the local Doppler spread B 2) μμ (t) is useful for studying the stationary interval (SI) which is defined as the maximum time interval during which the channel can be assumed to be WSS. For a given percentage change q, the SI T q can be determined by the length of the time interval in which the maximum difference between B 
B. Scenario II
In Scenario II, both the transmitter T x and the receiver R x follow Path III. Thus, the MSs are moving with variations of the speed along a straight line. To account for the effects of the change of the speed over time, we plot the local ACF r μμ (τ, t) given by (33) in Fig. 7 . Figure 8 also demonstrates the considerable difference between the ACFs r μμ (τ ) taken at different points in time t due to the speed variation of the MSs. The plot of the corresponding Wigner-Ville spectrum is shown in Fig. 9 . In this case, we notice that the Wigner-Ville spectrum is proportional to the time variant PDF p f mn ( f ; t) of the Doppler frequencies f mn (t) [see (12) ]. Although the WignerVille distribution satisfies many desirable properties, it is worth noting that the Wigner-Ville spectrum can have negative components, which represents a major drawback of this timefrequency representation. Thus, smoothing methods have been proposed to mitigate this problem [15] . In Scenario II, the resulting local Doppler spread B (2) μμ (t) is plotted and compared with the time variant Doppler spread B (2) f mn (t) in Fig. 6 . Again, B (2) μμ (t) is shown to be equal to B (2) f mn (t) demonstrating that the physical inconsistency problem regarding the Doppler spread is solved by using the concept of the instantaneous frequency. In addition, we note that B (2) μμ (t) increases faster compared to the first scenario due to the increasing speed of the receiver (a R 0 = 1.5 m/s 2 ). Therefore, the SI decreases in comparison with the SI of Scenario I, i.e., for the percentage change q = 20%, the SI T 20 is found to be equal to 0.11 s. This result shows that the SIs of NWSS channels are different according to the properties of the propagation scenarios.
C. Scenario III
In Scenario III, both the transmitter T x and the receiver R x take the route along the first trajectory. In this scenario, we assume non-isotropic scattering around T x and R x , where the AOD and the AOA are both assumed to follow the von Mises distribution. We have set the angular spreads to T = R = 10, while the mean values of the AOD and the AOA have been chosen to be equal to zero, i.e., ϕ T m = ϕ R n = 0. In this situation, we consider the expression of the local ACF r μμ (τ, t) given by (42) , whose real part is plotted in Fig. 10 , while the corresponding Wigner-Ville spectrum is illustrated in Fig. 11 . It is worth mentioning that the imaginary part of the correlation function corresponds to the cross-correlation function of the inphase μ I (t) and the quadrature μ Q (t) components of μ(t) = μ I (t) + j μ Q (t). The cross-correlation function is equal (unequal) to zero under isotropic (non-isotropic) scattering conditions. From Fig. 10 , we notice that at t = 0, the local ACF r μμ (τ, t) has the same form as the ACF r μμ (τ ) of the stationary M2M model under non-isotropic scattering conditions [20] . Nevertheless, the correlation decreases with time t if τ = 0. Therefore, the Wigner-Ville spectrum S μμ ( f, t) is decreasing with time t as shown in Fig. 11 . Moreover, it is observed that the local spectrum has an asymmetrical shape which is the consequence of the assumption of non-isotropic scattering.
VI. CONCLUSIONS
In this paper, we have presented a more realistic nonstationary SISO M2M fading channel model, wherein the transmitter and the receiver may experience changes of their velocities. Based on this model, we have analysed the impact of the variations of the speed and the direction of motion of the MSs on the statistical properties of the complex channel gain. By assuming an isotropic scattering scenario with double interactions between interfering objects and using time-frequency analysis techniques, we have presented analytical expressions for the local ACF, the Wigner-Ville spectrum, the local average Doppler shift, and the local Doppler spread. Although the results of the stationary case cannot be obtained directly from the derived expressions for the local ACF and the Wigner-Ville spectrum, the used time-frequency techniques have shown to be adequate for the analysis of non-stationary fading processes as they lead to consistent results with respect to the local average Doppler shift and the local Doppler spread. We have also investigated the correlation properties of the proposed model under non-isotropic scattering conditions. The obtained results include many well-known expressions derived under the assumption of isotropic scattering as special cases. The proposed reference model provides a theoretical framework for the development of a realizable simulation model. The development and the investigation of the statistical properties of the simulation model could be a topic for future work. Further extensions of this study could be made by incorporating the effects of moving scatterers and/or by considering a generalized three-dimensional scattering environment.
